Abstract-The present paper proposes an evaluation method of operation loads in vehicular driving, such as the joint-load, the seat pressure, and the perceiving force, based on biomechanical and psychophysical evidences to assist the human-centered design of driving interfaces. The prototype simulator is developed by means of a big experimental data of human motor properties and force-perception properties related with driving operations. The usefulness of the proposed methodology is then demonstrated through a set of simulation experiments in the case of the curve traveling situation.
I. INTRODUCTION
A human driver regulates his/her posture with regard to the position of the driving seat and driving interfaces, such as a steering wheel and a gas pedal, in the preparation for driving. He/she then maneuvers the interfaces actively according to the driving situation while enduring operating loads for body weight, reaction force from interfaces and vehicle motion. However, uncomfortable layout and dynamic properties of driving interfaces, as well as unexpected vehicle behavior, have significant impact on driving posture and body movements which might cause exceeding fatigue and lead to an erroneous operation. It will be helpful to incorporate biological evidences on human sensory-motor properties into the layout design of the interior package and the control system of driving interfaces for further improving the driving feel and performance.
There have been many studies that analyzed dynamic characteristics of human movements in vehicular driving. For instance, Park et al. [1] measured stiffness during multi-joint movements of the lower limb involved in the operation of braking. They also designed brake systems considering measured results, and also performed the perception test on the condition of road surface with the braking simulator. Hirao et al. [2] estimated muscle force and joint load depending on the sitting posture using a musculoskeletal model. They reported that the driving posture to reduce fatigue closes to the neutral posture under weightlessness. Tanaka et al. [3] [4] developed a biomechanical evaluation method based on force manipulability incorporated human joint-motor properties, which can estimate the spatial characteristics of end-point force generated by the limb in isometric. They applied into the humancentered layout design of a vehicle interior including driving interfaces in the development of an actual vehicle. Although these previous studies evaluated human motor characteristics for the evaluation and design of a driving interface, human sensory characteristics were not considered at all.
On the other hand, there have been a few research studies examined perceptual characteristics during the operations of driving interface. For an example, Abbink et al. [5] [6] examined the desirable vibration pattern by the pedal for an alert signal according to the material of shoes and the differential threshold of force perception at the foot. Wang et al. [7] measured driving posture during pedal operation and explored the relationship between comfort rating of clutch pedal operation and biomechanical parameters such as joint angle, moment, and work. Tanaka et al. [8] proved human forceperception characteristics in operating the pedal through a set of perception tests and biomechanical analysis. They reported that the force-perception characteristics is much affected by the contact condition between foot and pedal pad that changes in pedaling operation although dynamic characteristics of the pedal were the same. Similarly Takemura et al. [9] presents the initial experimental analysis of force-perception characteristics relating to steering operation. Furthermore Tanaka et al. [8] proposed the basic methodology of perceptual design of reaction-force for a driving interface. These experimental studies, however, were carried out under the specified posture, and did not discuss an estimation procedure for a certain driving posture.
Thus, the aim of this research paper is to develop a novel computer-aided simulation system that enables to compute and evaluate physical and perceptual loads during maneuvering the driving interfaces based on human sensory-motor properties. This paper is organized as follows: Section II proposes a biomechanical and psychophysical evaluation method of operating loads in driving, and describes a driver-vehicle model involved in human sensory-motor characteristics and vehicle characteristics. Section III develops the prototyped simulation system that has the data of human sensory-motor properties and vehicle properties measured in advance. In Section IV, the effectiveness and potential of the proposed strategy is verified through simulation experiments. 
II. EVALUATION METHOD
The conceptual illustration of the proposed evaluation methodology is shown in Fig. 1 . The main feature is to evaluate operating loads in driving, such as limb's joint-load, seat-pressure and perceiving resistance force, by means of a database of biomechanical and psychophysical properties of normal humans measured in the experiments.
A. Dynamics of human driver and vehicle interface
Dynamic behaviors of the human limb is computed by the following equation as
where i ∈ {arm, leg}, θ i , θ v i ∈ n denote the driving posture (joint angle) and the initial posture, respectively, τ i ∈ n is the joint torque, M i ∈ n×n is the non-singular inertia matrix, h i ∈ n represents the non-linear terms including the joint torque due to the Coriolis effect and centrifugal force, g i ∈ n is the joint torque caused by gravity, B θ i ∈ n×n and K θ i ∈ n×n are the joint-viscosity matrix and joint-stiffness matrix. Dynamic properties of human movements are much influenced by the arm/leg posture and muscle activation level. However, to measure viscoelastic properties for the joint with multiple degree-of-freedom is almost impossible. Considering this fact, the viscoelastic properties of limb's joint are computed [10] by
where B e i , K e i ∈ m×m are the viscosity and stiffness matrices at the end-point, respectively, and F ext i is the external force exerted to the end-point, J i (θ i ) ∈ m×n is the Jacobian matrix on the end-point position x i ∈ m with respect to θ i .
A set of 1-DOF spring-damper systems is arranged between the driver's skin and the seat surface, and the interaction force F s j at the j-th point is calculated by
where x j denotes the displacement of seat surface from an original form, K s j and B s j denote the seat stiffness and viscosity parameters, respectively. This study assumes that a driving interface device is impedance-controlled to produce various resistance force/torque that will much affect to the operational feeling for human driver. For an example, dynamics of the pedal can be given by
where τ φ is the reaction torque against the driver's operational force f thatis perpendicular to the pedal pad, l d is the distance between the rotational center of pedal and the contact point to the foot, and K φ and B φ are stiffness and viscosity around the pedal rotation axis, respectively.
B. Biomechanical index and Psychophysical model
A human driver would have to withstand his/her own weight and inertia force to maintain suitable driving posture according to driving situations, while he/she would generate operational force for steering and pedaling to control the vehicle as he/she hopes. It may be desirable to reduce joint-load in driving as much as possible. Therefore the evaluation index E i load in maintaining posture against external forces is designed based on human joint-torque properties [3] [4] as
where l ∈ {R : Right, L : Lef t}, k is the joint number,
is the weighting factor, τ On the other hand, it is well-known that the relationship between the magnitude of a physical stimulus and the intensity/strength that people would feel follows the Fechner's low. This well-known psychophysical evidence has been also confirmed for the reaction force in the case of the pedaling operation by the leg [13] and the steering operation by the arms [14] . Accordingly, the relationship between the perceived magnitude of an operational force f p and the reaction force f at the control input (stroke angle) η is successfully modeled by a logarithmic curve as
Where a η , b η are the fitting parameters with experimental data measured at each stroke input η. Consequently the perceiving force f p that a driver would feel in the operation of a driving interface is estimated by a set of logarithmic curves as shown in Fig. 2 . 
III. PROTOTYPE SIMULATOR FOR THE EVALUATION OF OPERATING LOADS
A prototype simulator is developed by the combination of the mechanical analysis software (ADAMS, Mechanical Dynamics Inc.) and the numerical computation software (MAT-LAB, Mathworks Inc.) as shown in Fig. 3 , where the numbers around the human driver model denote the degree-of-freedom for each joint.
A. Setting for driver model
In this paper the physical properties of body parts, such as weight and moment inertia in the matrix M , are determined based on the data in the literature [12] as presented in Table  I . The maximum torque at each joint of human limbs, which varies in the joint angle and the rotational direction, is calculated with the dataset reported in the literature [3] [4].
The measured data of human arm impedance around the steering axis, B θ arm and K θ arm , and human leg impedance in the vertical direction of the pedal pad, B θ leg and K θ leg , are shown in Figs. 4 (a) and (b), respectively [13] [14] . Note that the viscosity and stiffness matrices, B e i and K e i , are calculated with Eqs. (2) and (3). The relationship between reaction force and perceived force with relation to the control input for the driving interface is provided in Fig. 4(c) [8] [9] . Note that the parameter values of the derived logarithmic curve for the pedal angle were set as a pedal = 59.188, b pedal = −174.68, and for the steering angle were set as a steer = 11.285, b steer = −13.419 by following the procedure presented in II-B. Fig. 5(a) shows the temporal changes of vehicle acceleration according to the stroke angle of the gas pedal, where the green lines denote the measured data at 20 and 50% strokes and the blue lines the simulated data. The engine performance characteristics, ACC(t, φ), was modeled as follows:
B. Setting for vehicle model
where the peak of vehicle acceleration ACC max is calculated by
The numerical values in Eqs. (8) and (9) were determined by the least squares method with the data measured for a general sedan vehicle. Fig. 5(b) and (c) show the force-stroke(angle) properties of pedal and steering around the rotational axis built in the developed simulator, which were determined based on the measured data. The pedal force-stroke characteristics was modeled by while the steering dynamics was as τ steer = 1.2θ steer + 6θ steer + 0.41.
The 1-DOF spring damper system was set at nine points between human body and seat-back and at three points between human body and seat-cushion in this prototype simulator, while the seat stiffness K s j was determined based on the measured data for an actual seat as presented in Fig. 5(d) .
IV. SIMULATION EXPERIMENTS

A. Driving situation
The simulation experiments were performed for the curve traveling situation according to the seat heights. The simulation inputs were the driver's ankle-joint torque for pedaling and the angle of the steering wheel as shown in Fig.6 Fig. 7(a) presents the changes of driver's posture for the designed simulation inputs according to the two different seat heights (Low and High) by every one second, in which the driver rotates the steering wheel clockwise by the arms and pushes the pedal pad by the right leg. While Fig. 7(b) shows a set of body-pressure distributions at 2 [s], 3 [s] and 4 [s] . The pressure to seat-back in the white frame (around the upside of pelvis) was especially large, and its temporal change was similar to that of vehicle acceleration. It suggests that the driver would receive more information about the vehicle behaviors from the seat-pressure at the upside of pelvis, and this agrees with the opinion of an expert driver. The left side of each color panel became larger as the simulation time was progressed because the change of the driver posture and the increase of centrifugal force were caused by the steering rotation. Also, the pressure to the seat-cushion for the High-condition was sufficiently larger than that for the Low-condition. This corresponds that the lager deformation of the seat-back was occurred under the High-condition. Fig. 8 shows the operating loads, the joint loads, the perceiving resistance forces, and the seat pressures in the white frame shown in Fig. 7(b) . The led/blue solid line indicates the result for Low/High condition, and the broken line in the perceived force denotes the true force provided to the human driver in operating.
B. Evaluation and Regulation of operating loads
The joint load for upper-limb decreases under the Highcondition because the human driver could produce larger torque at the shoulder joint under the specified posture as shown in Fig. 8(a) , where the relative angle between the upper body and the upper parts of arms was larger. On the other hand, the joint load for lower-limb increases under the Highcondition as shown in Fig. 8(b) mainly because the inertia effect caused by the vehicle acceleration was larger. Fig. 8(c) shows the time history of the perceived force against the operated force in steering, and indicates that the human driver would feel the different mechanical properties in steering. Note that the perceived steering-force was not affected according to the conditions in this paper since the steering angle was input to the simulator. Fig. 8(d) shows the time history of the perceived pedal-force for the input ankle-torque for the two conditions. Similarly to the steering operations, the driver would feel the different operational resistance according to the seat conditions. These perceptual evaluation results demonstrate that the driving interface should be designed and arranged with well-consideration of human perception properties in the improvement of operational feeling, although another pattern of the simulation inputs is one of main issues in the future research. Fig. 8(e) shows the time histories of the seat-pressure in the white frame. Since the seat-pressure for the High-condition is much larger than that for the Lowcondition, the High-condition would be better for the human driver to feel vehicular motion in this simulation.
Finally, as a case study, to control operating loads in driving was tried by regulating vehicle characteristics: The goal is to close the operating loads on the High-condition to that on the Low-condition as much as possible. The regulation results show with the green sold line in Fig. 8 , where the engine characteristics was 2.1 times, the pedal force-stroke characteristics was increased 5 [N] and the seat stiffness around the waist was 0.5 times. The joint load for lower limbs does not change significantly, but do close to the result for the Low-condition by regulating engine characteristics and seat viscoelasticity. The obtained results demonstrate that the operating loads could be evaluated and controlled by the developed prototype simulator although the completeness of the simulator needs to improve.
V. CONCLUSION
This paper proposed an evaluation methodology for operating loads in vehicle driving based on biomechanical and psychophysical evidences, and developed the prototype simulator by using a big experimental data of human motor properties and force-perception properties. Simulation experiments were performed to evaluate the operating loads (joint-load, seat pressure, and perceived force) according to the different layouts of driving seat in the case of the curve traveling situation. The results indicated that the developed simulator can evaluate operating loads according to the vehicle behavior and the driver posture and can help to improve the driving feel of vehicles. The future research will be directed to enrich the driver database and to install the optimization technique, such as the genetic algorithm, so as to find the suitable vehicle characteristics for comfortable driver feels.
